To examine the factors which limit photosynthesis and their role in photosynthetic adaptation to growth at low dissolved inorganic carbon (DIC) 
A number of algal species are capable of altering their photosynthetic properties in response to changes in the 'Supported by the Natural Sciences and Engineering Research
Council of Canada.
[DIC]2 at which they are grown. Cells grown at reduced [DIC] have an increased ability to photosynthesize at low [DIC] and exhibit lower values of K(PIC than cells adapted to high [DIC] (2, 16, 18, 19, 25, 29) . In the context of this paper we refer to this process as photosynthetic adaptation. (19) . Other workers have confirmed this continuum of adaptation in this and other cyanobacteria (3) . It has been shown that growth of cyanobacteria at low [DIC] results in the induction of a CO2 concentrating mechanism. When fully induced, cells are capable of maintaining internal concentrations of DIC in excess of 1000-fold greater than that of the external medium (2-4, 18, 20, 27) . Apparently, this response involves the active transport of both CO2 and HCO- (2-4, 10, 11, 18, 20, 21, 23, 24) . High DIC cells retain sufficient ability to transport DIC so as to concentrate carbon internally 20-to 30 -fold (3, 22) .
A previous study from this laboratory (30) has demonstrated that the process of photosynthetic adaptation to low [DIC] is reflected in the growth kinetics of S. leopoliensis. Although the increase in DIC transport capacity during acclimation to low [DIC] must play a significant role in photosynthetic adaptation, and therefore the ability of the organism to grow at low carbon, the exact nature of the relationship hardtii cells adapated to low and high concentrations of DIC (31) . In the present study we evaluate the roles of both DICtransport and RuBP regeneration in determining the rates of photosynthesis over the complete range ofDIC concentrations for cells adapted to either high, low, or intermediate [DIC] .
Our results show that the factors limiting photosynthesis change with the concentration of DIC and the degree of photosynthetic adaptation. At limiting DIC the rate of DIC transport establishes the rate of photosynthesis while Pmavi is controlled by the cell's ability to regenerate RuBP.
MATERIALS AND METHODS

Organism and Growth Conditions
Stock cultures of Synechococcus leopoliensis (UTEX 625) were grown axenically as previously described (25) . Experimental cultures were grown as outlined by Mayo et al. (19) in cylindrical, water-jacketed flasks (160 mL) equipped with a serum-stoppered sampling port and a glass fritted bubbler. Cultures were grown in modified Allen's medium buffered with 50 mm (BTP) adjusted to pH 8.0 with 6 N HCI.
Experimental cultures were bubbled (1.6 L/min) with filtersterilized C02-free air, enriched with CO2 to give a predetermined total dissolved inorganic carbon concentration in the liquid medium (10-20 uM, 200-300 uM, or 1000-1800 gM).
Cultures were stirred vigorously with a magnetic stirrer to ensure equilibrium (19) . MS 02 evolution and CO2 uptake were monitored using a VG Gas Analysis MM 14-80 SC mass spectrometer (Middlewich, England) equipped with an aqueous inlet system as previously described (23, 32) . Cells in mid-log phase were harvested by centrifugation, washed three times and resuspended (7.5-11.5 jig Chl/mL) in low [DIC] (10-20 jM) BTP buffer (50 mm at pH 8.0) containing 25 mM NaCl. Since the mass spectrometer monitors levels of dissolved gases, CO2 concentration was used to determine total [DIC] . To ensure C02/HCO5 equilibrium, bovine erythrocyte CA (Sigma) was added (25 ,ug/mL) .
Cell suspensions (5 mL) were placed in an N2-purged, waterjacketed (30°C) glass cuvette (20 mm in diameter) which was equipped with a membrane inlet connected to the mass spectrometer. The membrane material was dimethyl silicone rubber. Airspace above the cuvette was eliminated using an adjustable Plexiglas plug containing a capillary injection inlet. Suspensions were magnetically stirred and incident light (600 ALE M-2.s ') was provided by a Kodak 600H projector.
When used, IAc was added (3.3 mM) to cells at compensation point in the light, 5 min prior to addition of DIC. lAc is a potent inhibitor of photosynthetic carbon fixation, but has little effect on DIC transport and accumulation (23, 24, 27) .
Measurement of Rates of Photosynthesis and Transport
Rates of transport and photosynthesis were determined from the rate of DIC disappearance from cell suspensions as monitored using the mass spectrometer. Uptake of DIC could be initiated in cells at compensation point in two ways: by addition of DIC in the light or by addition of DIC in the dark followed by illumination. Both methods gave similar results but the initiation of DIC uptake by DIC addition in the light was preferred so as to avoid potential complications associated with dark to light transitions (14, 17) . In some experiments, the simultaneous measurement of 02 evolution was also used as an independent measure of photosynthesis (4) .
Measurement of Internal DIC Pool
Internal concentration ofDIC was measured by the amount of DIC accumulated in the presence of IAc (and released upon transfer to darkness) at saturating levels of DIC (4, 24, 27 The concentration of RuBP in cell extracts was determined as previously described (8, 9) using fully activated Rubisco purified from spinach. Recovery of an authentic internal RuBP standard was greater than 82% in each experiment and RuBP determinations were corrected accordingly.
Rubisco Activity
Cells were harvested and concentrated (35-40 ,tg Chl/ml) as above (RuBP assay) and placed in an experimental cuvette with saturating irradiance and DIC (20 mM). Photosynthesizing cells were withdrawn, rapidly cooled to 4°C and disrupted using a French pressure cell ( 18,000 psi).
Aliquots of pressate (100 ,l) were assayed for Rubisco activity using the method described by Perchorowicz et al. (28) as modified by Elrifi et al. (9) . Rubisco was fully activated by incubation (10 min) Other Measurements DIC concentrations were measured by infra-red gas analysis (8) . Chl a was extracted in 100% methanol. Cell number was measured with a hemocytometer (x400 magnification). Sorbitol impermeable spaces (cell volumes) were measured as previously described (20) .
RESULTS
Measurement of DIC Transport and Photosynthesis
At high levels of DIC, disappearance of DIC from the medium occurred rapidly at first but eventually declined to a slower stable rate (Fig. 1) . In many cases there was a discontinuity at the transition between these two uptake components (Figs. 2 and 3) . As added DIC concentrations where lowered, the initial rate of disappearance declined and the transition between the two phases ofuptake became less apparent. When + 100 tiM DIC the added DIC concentration was limiting to photosynthesis, no break in slope was observed.
The biphasic nature of DIC disappearance at high [DIC] was observed if initiated by either DIC addition in the light or in the dark followed by illumination (Fig. 1) . Due to the response time of the mass spectrometer (63% of full response required 2 s) (23) the addition of DIC in the light failed to produce a measured value of [DIC] equivalent to that added.
For added [DIC] less than 200 to 400 AM, extrapolation of the initial slope of DIC removal back to the time of DIC addition yielded an estimate of the initial [DIC] which was the same as that observed following dark additions (Fig. 1) . This indicated that the initial rate of DIC uptake was linear over the measurement period and was identical to that obtained through DIC addition in the dark and initiation of transport with illumination ( Fig. 1) . At higher [DIC] (greater than 400 AM), such an extrapolation yielded an underestimate of added [DIC] implying that the mass spectrometer was unable to resolve the initial rapid disappearance of DIC from the medium at these concentrations.
The addition of the Calvin cycle inhibitor IAc had no significant affect on the first component of DIC uptake, but completely eliminated the second (Fig. 2) . Subsequent transfer to dark resulted in the release into the medium of virtually all of the DIC which had been taken up in the light. Based on the lAc insensitive phase of DIC uptake, internal DIC (Fig. 4) .
Kinetics of Transport Adaptation to low [DIC] caused similar, but more pronounced changes in the transport kinetics of the three cell types (Fig. 4) . Maximum (Fig. 6 ).
DISCUSSION Simultaneous Measurement of Photosynthesis and Transport
To study the relationship between transport and photosynthesis it is best to monitor both processes simultaneously on the same sample. This was undertaken using a mass spectrometer and rates of photosynthesis and transport were determined from the biphasic nature of DIC disappearance as described ("Materials and Methods," Figs. 1 and 2 ). There are several lines of evidence which suggest that the first phase of biphasic DIC disappearance represents transport of DIC into the cell, while the second slower phase represents photosynthetic carbon fixation. First, only the second phase of DIC uptake was sensitive to the addition of lAc, a potent inhibitor of carbon fixation (23, 24, 27) (Fig. 2) . Second, the DIC taken up in the presence of IAc was released in the dark, suggesting that the initial slope was representative oftransport. This conclusion was also supported by the observation that when 02 evolution and DIC consumption were monitored simultaneously, 02 evolution accompanied the second phase of DIC disappearance but not the first (Fig. 3) . Rates of carbon fixation are ultimately determined by the rate at which the primary carboxylating enzyme, Rubisco, mediates the conversion of CO2 and RuBP into 3-phosphoglyceric acid. The factors which can potentially limit the rate of photosynthesis are the supply of substrates (CO2, 02, and RuBP), the concentration of catalytic sites, and the activation state of the enzyme. Farquhar et al. (13) (Fig. 4) (Fig. 4) (3, 19) . It has been suggested that adaptation to growth on low [DIC] is achieved by increasing the rate of DIC transport, or as commonly referred to, the induction of a CO2 concentrating mechanism (2-4, 16, 18, 20, 31 (Fig. 5) . The observation that the slope is slightly less than one (0.85, Fig. 5) suggests that initial transport rates may over estimate steady state rates consistent with some C02 efflux occurring (2) .
In general the results are consistent with an increase in DIC transport capacity increasing the initial slope of the photosynthesis versus [DIC] curve and therefore being primarily responsible for the decrease in KIDhc during adaptation to low [DIC] . This increased transport capacity in cells adapted to
